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• Synchronous Connection Oriented link (SCO)
• Asynchronous Connectionless link (ACL) For the ACL data transmission, Bluetooth provides different packet types which are classified in DM and DH packets. The latter ones are using the full packet space to convey higher payload, while the first type is reserving some part of the packet for a 2/3 Forward Error Correction (FEC) scheme: for every 10 bytes of packet data 5 bytes of error correcting code are added. The initial intention of the Bluetooth standard was that DM packets are less prone to errors on the unreliable wireless link. DM packets can carry less bits than DH packet due to the additional FEC information. Each sent packet is acknowledged in the following time slot. As this is quite inefficient if the acknowledging peer has nothing to send back, Bluetooth has the possibility to accumulate time slots for the sending device. It is possible to aggregate three or five slots, which are acknowledged only by one time slot as shown in Figure 1 . Thus, with different packet types and aggregation factors, there are six possible Bluetooth packets that can be used for transmission. These different packet types should
Following the aforementioned introduction, this paper is looking into energy saving potential for Bluetooth communiAbstract-This paper is investigating the energy saving potential of Bluetooth. Using the asynchronous connectionless link (ACL) for data transmission, Bluetooth provides different packet types, namely DM and DR packets. Each packet has a different payload size and in the actual implementation the packet selection is based on the channel conditions. In this paper we present and discuss results of a measurements campaign that we have made on commercial mobile phones. We show that energy savings can be achieved by selecting the appropriate packet type in an energy aware manner, by forcing the phone to use a specific packet type.
I. INTRODUCTION
Mobile communication is based on wireless devices that are using batteries to allow the highest possible degree of freedom for the user. As mobile devices are crammed with all possible services nowadays the energy consumption of those mobile devices has been increased over the last decades and will keep on increasing dramatically. Multimedia services, for example, are one of the most important keys for the success of next generation of mobile phones. Many companies are focusing their attention on making applications for the delivery of multimedia contents, in order to provide mobile users with services as they have on their PC. However, this kind of applications require a large amount of data to be exchanged, therefore a larger bandwidth than traditional voice services. High data rates are already available for mobile phones thanks to different technologies: WLAN, Bluetooth, UMTS and HSDPA, but the energy required when transferring data is remarkable. The energy consumption is not following Moore's law. Even though Moore's law is referring to the computational power, that is doubling every two years, the computational power will be used to create new services on mobile devices. As services are the main distinction among mobile devices from different manufactures, the manufacturer will always use the fully available computational power. Larger energy consumption is resulting in lower operational times for the users, also referred to as stand-by time. As the stand-by time has become one important purchase criteria, energy saving strategies are becoming more and more important. given [4] . For further information about Bluetooth we refer the interested reader to the Bluetooth SIG (Special Interest Group) website [1] , where the complete specification for the different Bluetooth versions can be found. In this paper we investigate the performance of the different packet type selection in terms of energy. Previous works on the effects of Bluetooth packet type selection include [3] , in which authors propose an analytical method to determine the optimal packet type for a given channel state to improve the TCP throughput. In [9] authors present a method to choose the optimal packet type in order to maximize the throughput efficiency of the ARQ protocol based on the acknowledgement history of the most transmitted packets. In [5] and [8] authors investigate the advantages of choosing a specific packet type to make possible the stream of high-quality videos over Bluetooth and the throughput dependence on packet type in a Bluetooth network interfered by other devices, respectively. Differently from the aforementioned works where results have been carried out by simulations, we have conducted a measurement campaign on commercial mobile phones to evaluate the performance for Bluetooth communication using different packet types. This is the first work of this kind according to our best knowledge and results are presented in the Section IV.
III. MEASUREMENT SETUP
We have used two different models of phones for the measurements, namely Nokia N95 an Nokia N71. The N95 is running Symbian OS v9.2 as operating system and is using a Bluetooth 2.0+EDR chipset whereas the N71 is running Symbian OS v9.1 and a Bluetooth 1.2 chipset. The setup includes also an AGILENT 66319D used as multimeter as shown in Figure 2 . The Agilent machine is connected to a PC which is running the Agilent 14565B device characterization software, a tool designed for evaluation of portable battery powered device current profiles. We have developed an application which forces the phone to use a preselected packet type when transmitting data. We used Python for S60 [6] , [7] as programming language to develop scripts for testing, but because of lack of needed APIs, we have written an extension module in Symbian C++ to choose specific Bluetooth packet types for data transmission. The aim of the measurement campaign is to find out the power consumption, the time (and therefore the energy) needed for data transmission using different packet types and data payload sizes. Let us note that the sender phone is connected to the AGILENT 66319D to measure the power consumption and log it into a file. When the N95 is used as a sender, the in-built energy profiler [2] developed by Nokia is used as well. The Nokia Energy Profiler is an software running on the mobile device that measures consumptions of the phone, such as power, current, network usage and so on. This helped us in validating the obtained results. The first step of each measurement consists of establishing a Bluetooth connection between the two phones. The sender and receiver are standing 10 em apart from each other. Upon a successful connection, the testing starts. Each test consist of transmitting a certain amount of data (D), using one specific Bluetooth packet type (PT) for 3000 times (Ntrans) and is repeated for all the possible combinations of D (from 1 up to 350 bytes) and PT: DM1, DH1, DM3, DH3, DM5, DH5, and auto (letting the phone decide which packet type to use). During the tests a log file is created on the sender phone to keep track of the time spent for completing the test. We calculated the value of power consumption per test as the mean value of all the samples obtained by the AGILENT 66319D during each time interval. We repeated all the measurements 10 times using always one N71 as receiver and as sender alternatively a N71 or an N95 was used. Finally we obtained values for time duration and power consumption by averaging the values of each repetition. Therefore we calculated the energy spent by multiplying the time and the power consumption.
IV. RESULTS AND DISCUSSION
In this section we only present the results of measurements of time and energy consumption on the Nokia N95 used as sender because of space limitation. Nevertheless, we want to mention here that when using the Nokia N71 as sender we obtained similar results regarding the time. In terms of energy we have measured a consumption around 30% smaller than the N95. However this difference can be due either to the different Bluetooth chipsets used or to the different processing power needed by the phone itself, but unfortunately we are not able to be more precise about this fact as we are unable to separate where Ntrans is the number of transmissions, Nslots is the number of time slots used depending on the packet type (see Figure 1) and Npackets is the number of packets needed to transmit a given amount of data (see Table I ). Measurements of time needed for sending 3000 times a chunk of data from 1 to 350 bytes length using different packet types is shown in Figure 3 . Since we cannot access some restricted information the two consumptions. In order to compare the measurements with the ideal case, we need to calculate the time for data transmission using different packet types without considering retransmissions. Given a certain payload, the ideal time T 1 deal can be calculated using the Equation 1:
Tldeal == Ntrans * (0.0006258 * (Nslots + 1)) *Npackets, (1) 
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15 i= 25   30 r -----1 , -----r ---r ------, ---, ------r ----- of the Bluetooth implementation on the devices, we treat the phone as a black box. We can understand how it works only by observing its behavior and making measurements. In fact, the actual implementation of Bluetooth it is up to the phone's and chipset's manufacturers and sometimes it can slightly differ from the standard specification. As a proof, in the following we compare the measurements of transmissions using different packet types to the ideal case. Results show that there is a mismatch between the ideal curves and the measured ones. First of all, because of retransmissions, the time measured is always larger than the ideal one, as can be observed looking at Figure 4 . Secondly, and most importantly, the curves of the measured time have an offset of 8 bytes compared to the ideal one. Our guess is that 8 bytes extra are transmitted in addition to the actual payload as we explain in the following. For DMI packets the maximum payload according to the specifications is 17 bytes. In fact the ideal curve has a jump in time duration when the payload is a multiple of 17 bytes and therefore two packets need to be transmitted. Although as shown in Figure 4 , the first jump happens at 9 bytes of payload and then is repeated every 17 bytes. This proves our theory according to which 8 extra bytes are transmitted. The same behavior is visible in Figure 5 for DH 1 packets, where the jump should be at 27 bytes, whereas in the measurements happens at 19 bytes. Something more interesting happens when using 3-s10ts and 5-s10ts packets. From the plots it seems that transmitting a packet with a payload smaller or equal to 9 bytes, is faster than the ideal case. This strange behavior brings us to think that the first packet sent out, is always a DMI packet. This contains 8 extra bytes plus the payload. Once it is full, the 3-s10ts or 5-s10ts packet is used. For example in Figure 6 , when the payload size is smaller or equal to 9 bytes, a DMI packet is used. Then from 10 to 113 bytes, one DM3 packet is used. From 114 to 130 bytes one DM 1 for the first 27 bytes (8 extra plus 19 of payload) and one DM3 packet for the rest of the payload is used. From 131 to 234 bytes two DM3 packets are transmitted. From 235 to 251 bytes, one DMI and two DM3 packets are transmitted and so on. A similar behavior can be found in Figure 7 , Figure 8 and Figure 9 for DH3, DM5 and DH5 packets respectively. Having understood the behavior in time of the use of different packet types, we focus our attention on the energy consumption. We want to compare the energy spent when we force the phone to use a specified packet type to the energy spent when the phone makes the selection itself.
In Figure 10 the traces of the energy consumption for all the different packet types and the auto selection are shown. Table II reports the packet types less energy consuming than the automatic selection in the second column and the one which has the least consumption among all the types in the OM3 ideal -OM3 meas Fig. 6 . Time needed for 3000 transmissions using DM3 packets. Fig. 9 . Time needed for 3000 transmissions using DH5 packets. third column for different intervals of payload sizes. DH3 packets seem to be the most energy efficient choice for payload size from one up to 192 bytes. From 193 to 331 bytes, DH5 performs better than all the others and finally the auto selection is the best choice for payload size from 332 to 350 bytes. Results show that DM packets, in the studied scenario, are less energy efficient than DH ones, therefore having an FEC scheme does not payoff. In fact DM packets are protected by OMS ideal -OMS meas Fig. 8 . Time needed for 3000 transmissions using DM5 packets. a 2/3 FEC scheme that allows 1 in 15 bytes to be corrupted but have less payload sizes. When using DH packets any single byte error would cause the packet to be discarded. However in the real world, errors happen mostly when we are on the limits of the range and therefore when the transmission takes place within a short range FEC becomes insignificant. To show the effect of errors when increasing the distance between the two phones, we have made some extra tests transmitting 3000 times a packet with 110 bytes using DH3 and DM3 packets. Figure 11 shows that when increasing the distance between the phones, the time needed for transmission increases as well due to retransmissions, but DH3 packets still perform better than DM3 ones. This means that FEC is not giving any benefit to DM packets even when the distance between the phones reaches the edge of the Bluetooth's range.
V. CONCLUSIONS
This paper investigates potentials of energy saving for Bluetooth technology when using asynchronous connectionless link (ACL) for data transmission. In fact Bluetooth provides different packet types, namely DM and DH packets. There are 6 different packet type in total and each of them has a different payload size. We have conducted an energy measurements campaign on commercial mobile phones, namely Nokia N95 and Nokia N71 aimed to evaluate the performance of the different packet type usage. We have measured time, power and therefore energy consumption when sending data forcing the phone to use a specified packet type. We repeated the measurements for each packet type for a payload size varying from 1 to 350 bytes. Moreover we measured the performance when the phone selects the packet type automatically. Results show that the packet type selection can influence the time and energy consumption. In fact using DH packets instead of DM ones is preferable in terms of energy and throughput. Moreover, letting the phone selecting the packet type is more energy unfriendly for most of the payload sizes. This is due to the fact that in the actual implementation of Bluetooth the packet type selection is based on the channel conditions and therefore a continuous adaptation can introduce some delays in the transmission. We have shown that energy savings are possible if packet types are selected in an energy aware fashion.
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Authors would like to thank Nokia for providing technical support as well as mobile phones to carry out the measurement campaign. Special thanks to Mika Kuulusa, Gerard Bosch, Harri Pennanen, Nina Tammelin, and Per Moeller from Nokia. This work was partially financed by the X3MP project granted by Danish Ministry of Science, Technology and Innovation. Another possible cause of corruption of bytes can be the noise on the chipset as well. In the early days of Bluetooth this was an important issue, but in the last years the evolution of Bluetooth chipsets have increased the tolerance to noise interference. As a consequence, Enhanced Data Rate (EDR) implementation does not use FEC at all, as well as Ultra Low Power Bluetooth. The discussion with a leading Bluetooth chip manufacture concluded that chips have become better . . . with receiver sensitivities of -90 dBm while in the early days they were in the 70's. Also, because of EDR, most architectures have go to an IQ based receiver that is more sensitive. In the actual implementation, packet types are selected according to the channel condition, but results have shown that energy savings can be achieved if an energy aware selection is made instead. Therefore, in order to save energy, one could think to select the packet type according to the payload to be sent and choosing the one that is more energy efficient. As shown in Figure 12 , this as a positive impact on the performance in terms of throughput as well.
